The inflammatory bowel disease ulcerative colitis (UC) frequently progresses to colon cancer. To understand the mechanisms by which UC patients develop colon carcinomas, we used a mouse model of the disease whereby administration of azoxymethane (AOM) followed by repeated dextran sulfate sodium (DSS) ingestion causes severe colonic inflammation and the subsequent development of multiple tumors. We found that treating WT mice with AOM and DSS increased TNF-α expression and the number of infiltrating leukocytes expressing its major receptor, p55 (TNF-Rp55), in the lamina propria and submucosal regions of the colon. This was followed by the development of multiple colonic tumors. Mice lacking TNF-Rp55 and treated with AOM and DSS showed reduced mucosal damage, reduced infiltration of macrophages and neutrophils, and attenuated subsequent tumor formation. WT mice transplanted with TNF-Rp55-deficient bone marrow also developed significantly fewer tumors after AOM and DSS treatment than either WT mice or TNF-Rp55-deficient mice transplanted with WT bone marrow. Furthermore, administration of etanercept, a specific antagonist of TNF-α, to WT mice after treatment with AOM and DSS markedly reduced the number and size of tumors and reduced colonic infiltration by neutrophils and macrophages. These observations identify TNF-α as a crucial mediator of the initiation and progression of colitis-associated colon carcinogenesis and suggest that targeting TNF-α may be useful in treating colon cancer in individuals with UC.
Introduction
Ulcerative colitis (UC) is an inflammatory bowel disease characterized by pathological mucosal damage and ulceration, which can involve the rectum and extend proximally (1) . The incidence of UC in the United States is about 4-12 per 100,000 and has risen in recent decades. UC typically presents as a relapsing disorder marked by attacks of bloody mucoid diarrhea that sometimes persists for months, only to recur after an asymptomatic interval of months to years (1) . UC consistently manifests DNA damage with microsatellite instability in mucosal cells (2) . Thus, repetitive relapses and remissions can frequently cause epithelial dysplasia and can eventually progress to invasive cancer (3) . Indeed, involvement of the entire colon for longer than 10 years predisposes UC patients to colon cancer, and the risk of cancer is 20-to 30-fold higher in these patients than in a control population (4) . Thus, it is desirable to develop measures to prevent cancer development in UC patients based on an understanding of the pathogenesis of colon carcinogenesis in UC at molecular and cellular levels.
Oral administration of dextran sulfate sodium (DSS) solution to rodents is widely employed to recapitulate human UC, because it can cause acute inflammatory reaction and ulceration in the entire colon similar to that observed in UC patients (5) . Moreover, repeated oral DSS ingestion alone can cause colon carcinoma in a proportion of mice when the ingestion is of 7 days' duration and is repeated 9 times (6). These observations suggest that the inflammatory response alone can cause colon carcinoma. Azoxymethane (AOM) is also frequently used to induce tumors in the distal colon of rodents by causing O 6 -methyl-guanine formation (7) . A prior administration of AOM can accelerate and increase the incidence of DSS-induced colon carcinogenesis, as evidenced by the very high incidence of colon cancer (nearly 100%) after 3 subsequent rounds of DSS ingestion (8) . Inactivation of the IκB/NF-κB pathway has been associated with reducing colon carcinogenesis induced by the combined treatment of AOM and DSS (9) . This observation may mirror the enhanced NF-κB activation seen in human colon adenoma and cancer tissues (10, 11) . This suggests that induction of NF-κB by inflammatory stimuli may participate in colon carcinogenesis. However, it still remains to be determined, which molecule(s), if any, aberrantly enhances NF-κB activation during the course of colon carcinogenesis.
NF-κB activation is required for the expression of many proinflammatory molecules including cytokines and adhesion molecules (12) . Among these cytokines, TNF-α can further augment NF-κB activation in various cell types after binding to either TNF receptor p55 (TNF-Rp55) or TNF-Rp75 (13) . Since TNF-Rp55 is widely expressed on almost all cell types except erythrocytes (14) , TNF-Rp55 deficiency has profound effects on endotoxin shock (15) and the skin wound healing process (16) . TNF-α was originally identified as a mediator responsible for endotoxin-induced tumor necrosis (17) and was utilized for the treatment of patients with advanced localized solid tumors (18) . On the contrary, we observed that liver and lung metastasis were depressed in TNFRp55-deficient (TNF-Rp55 -/-) mice (19, 20) , suggesting a crucial contribution of the TNF-α/TNF-Rp55 axis to the development of metastasis. Moreover, TNF-α-deficient mice developed fewer tumors than WT mice when exposed to several types of carcinogens (21) . Thus, the TNF-α/TNF-Rp55 axis may actually promote carcinogenesis and its progression.
Here we investigated the roles of the TNF-α/TNF-Rp55 axis in colon carcinogenesis induced by the combined treatment with AOM and DSS by utilizing TNF-Rp55 -/-mice and a human TNFspecific antagonist, etanercept, which can block mouse TNF-α activities (22) . Our experiments revealed that the combined treatment with AOM and DSS induced the intracolonic expression of TNF-α, which in turn regulated the trafficking of inflammatory cells, a major source of COX-2, thereby resulting in the development and progression of colon cancer.
Results
Enhanced TNF expression in the colon during the course of colon carcinogenesis. Consistent with previous reports (8, 9) , a single intraperitoneal injection of the carcinogen AOM, followed by 3 rounds of 2% DSS intake induced the development of multiple tumors in the middle to distal colon of WT mice ( Figure 1 , B and C). The essential involvement of a transcription factor, NF-κB, in this colon carcinogenesis model (9) prompted us to investigate the intracolonic expression of TNF-α and its receptor because TNF-α is a potent activator of NF-κB (13, 14) . TNF-α mRNA was faintly expressed in untreated WT mice, and AOM treatment alone did not enhance TNF-α mRNA expression, but subsequent DSS intake augmented TNF-α mRNA expression ( Figure 1D ). We also detected TNF-α protein expression by immunohistochemical analysis mainly in mononuclear cells present in lamina propria and submucosal regions ( Figure 1E ). Similarly, immunoreactive TNF-α protein was detected in the colons of patients with active UC and advanced colorectal cancer, but not in normal mucosa (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI32453DS1). Immunohistochemical analysis detected the major receptor for TNF-α, TNF-Rp55, predominantly in leukocytes infiltrating the lamina propria and submucosal regions of the colon during the course of this colon carcinogenesis model ( Figure 1F ).
Reduced tumor incidence in TNF-Rp55 -/-mice. In order to clarify the role of TNF-Rp55 in this colon carcinogenesis model, we treated both WT and TNF-Rp55 -/-mice with AOM and DSS in the same manner. During the course of AOM and DSS treatment, WT mice exhibited profound body weight loss and bloody diarrhea, whereas TNF-Rp55 -/-mice had less body weight loss and did not have bloody diarrhea (data not shown). There were no apparent differences in macroscopical and microscopical appearance of the colon of untreated WT and TNF-Rp55 -/-mice ( Figure 2A ). In treated WT mice, edema and hyperemia of the middle to distal colon became evident after day 7, and multiple tumors developed in the same region after day 28, whereas these morphological changes were rare in AOM and DSS-treated TNF-Rp55 -/-mice (data not shown). Histological analysis consistently demonstrated massive infiltration of leukocytes into the mucosa and edema of the submucosa, with loss of entire crypts and surface epithelium by day 7, particularly in the middle to distal colon of WT mice (Figure 2A) . At day 14, mucosal inflammatory cell infiltration persisted and was accompanied by dysplastic glands with hyperchromatic nuclei, decreased mucin production, and dystrophic goblet cells. By days 28 to 35, macroscopically visible adenocarcinomatous lesions developed, and their size and numbers increased progressively thereafter. Moreover, β-catenin accumulated in the nuclei of the tumor cells after day 28 ( Figure 2B ). On the contrary, TNF-Rp55 -/-mice displayed much milder inflammation of the colon during the course of DSS intake and developed fewer adenocarcinomatous lesions and less nuclear β-catenin accumulation ( Figure 1C and Figure 2 , A and B). Moreover, the numbers of apoptotic cells were transiently increased at day 7 in WT but not TNF-Rp55 -/-mice, as revealed by TUNEL assay (Supplemental Figure 2) . However, the incidence of apoptotic cells detected in TNF-Rp55 -/-mice was similar in level to those in WT mice except on day 7 (Supplemental Figure 2) . These observations suggest a crucial role in this model for TNF-Rp55-mediated signals in the development of chronic inflammation and colon carcinoma but not in the apoptotic reactions.
Figure 2
Microscopical analysis of colon tissues. (A) Colons were removed at the indicated time intervals, fixed, and stained with hematoxylin and eosin. Representative results from 5 mice are shown here. Original magnification, ×200. (B) Immunohistochemical staining for β-catenin. Colons were removed at the indicated time intervals from WT and TNF-Rp55 -/-(TNF-Rp55KO) mice and immunostained with anti-β-catenin antibody as described in Methods. Boxed areas in the left panels are shown at higher magnification in the middle panels. Representative results from 3 independent animals are shown here. Original magnification, ×400 (top and bottom rows), ×1,000 (middle row). (C-G) The numbers of myeloperoxidase-(C), F4/80-(D), CD4-(E), CD8-(F), and DEC205-positive cells (G) were counted as described in Methods and are shown here. All values represent the mean ± SD (n = 10 animals). *P < 0.05, **P < 0.01 versus untreated (control) WT mice.
Inflammatory cell infiltration.
We next proceeded to identify the types of cells that were decreased in the absence of TNF-Rp55 by immunohistochemical analysis. In treated WT mice, neutrophils and macrophages infiltrated into lamina propria and submucosa after day 7 and persisted until day 56 (Supplemental Figure 3) . In addition, after day 7 aggregates of CD4-positive lymphocytes and DEC205-positive dendritic cells infiltrated into the lamina propria and submucosa (Supplemental Figure 3) . In AOM and DSS-treated TNF-Rp55 -/-mice, infiltration by both neutrophils and macrophages was markedly decreased, whereas lymphocyte and dendritic cell infiltration was minimally affected (Figure 2 , C-G). TNF-α can augment the expression of the chemokines keratinocyte chemoattractant/CXCL1 (KC/CXCL1) and monocyte chemoattractant protein-1/CCL2 (MCP-1/CCL2), which are chemotactic for neutrophils and macrophages, respectively (23, 24) . Indeed, after day 7, gene expression of both chemokines was enhanced in WT mice, but their expression was consistently depressed in TNF-Rp55 -/-mice ( Figure 3 ). These observations suggest that TNF-Rp55-mediated signals were responsible for the trafficking of neutrophils and macrophages, at least in part by enhancing the expression of chemokines. Moreover, it is plausible that bone marrow-derived cells, neutrophils and macrophages, can be crucially involved in this colon carcinogenesis model. In order to address the contribution of bone marrow-derived cells, we treated various bone marrow chimeric mice with the same combination of AOM and DSS. TNF-Rp55 -/-mice transplanted with WT-derived bone marrow cells developed tumors at a similar level as WT mice transplanted with WT-derived bone marrow cells, but at a higher level than either WT or TNF-Rp55 -/-mice transplanted with TNF-Rp55 -/-mouse-derived bone marrow cells ( Figure 4 ). These observations suggest that TNF-Rp55-mediated signals act mainly on bone marrow, but not non-bone marrow-derived cells in this carcinogenesis model.
Reduced COX-2 expression in TNF-Rp55 -/-mice. Accumulating evidence indicates the causal involvement of COX-2 in colon carcinogenesis. Hence, we examined COX-2 mRNA expression by real-time RT-PCR. After day 7, intracolonic COX-2 expression was markedly enhanced in treated WT but not TNF-Rp55 -/-mice ( Figure 5A ). COX-2 protein was detected mainly in infiltrating inflammatory cells ( Figure 5B), and the numbers of COX-2-positive cells increased from day 7 to day 56 in WT but not TNF-Rp55 -/-mice ( Figure 5 , B and C). Double-color immunofluorescence analysis detected COX-2 protein in F4/80-positive macrophages and to a lesser extent in Ly-6G-positive neutrophils ( Figure 5D ). These observations suggest that in the absence of TNF-Rp55 the infiltration of macrophages and neutrophils, which are a major source of COX-2, was reduced, leading to decreased COX-2 expression.
Effect of TNF-α antagonist, etanercept, on tumor formation in WT mice. Because the human TNF antagonist, etanercept, can inhibit the biological activity of murine TNF (22), we explored its effects on tumor progression by administering it to mice from day 56 to day 60, after the AOM and 3 cycles of DSS treatments ( Figure 6A ). Compared with the vehicle-treated group, etanercept treatment reduced the numbers and size of macroscopical tumors remarkably when administered even over this short and delayed time period ( Figure  6 
Figure 3
Chemokine gene expression in the colons. Quantitative RT-PCR was performed on total RNAs extracted from the colons at the indicated time intervals as described in Methods. The levels of KC/CXCL1 (A) and MCP-1/CCL2 (B) mRNA were normalized to GAPDH mRNA levels. Representative results from 5 independent experiments are shown in here. *P < 0.05, **P < 0.01 versus untreated (control) mice.
Figure 4
Colon tumor formation in bone marrow chimeric mice. Bone marrow chimeric mice were generated and subjected to AOM+DSS treatment as described in Methods. Colons were removed at day 56, and the tumor numbers were determined macroscopically. The bars represent the median of each group; each symbol represents the tumor numbers of each animal. **P < 0.01. gene, particularly at its glycogen synthase kinase-3β (GSK-3β) phosphorylation sites, mutated more frequently than adenomatous polyposis coli (APC) gene (28) . Hence, we examined the effects of TNF blockade on the mutations of the GSK-3β phosphorylation sites of the β-catenin gene, located in its exon 3. Mutations of β-catenin gene were detected in all tumors, and etanercept treatment reduced the mutation frequency markedly from 10/10 positive in the untreated group to 3/10 in the etanercept-treated group (Supplemental Table 1 ). These observations suggest that blocking of TNF signaling can reverse tumorigenesis even when colon carcinoma is already present, probably by reducing the infiltration of inflammatory cells. Such cells are a major source of COX-2, which is presumed to be involved in both tumor neovascularization and β-catenin activation.
Discussion
During relapses acute attacks of UC cause a massive infiltration of neutrophils and mononuclear cells into the lamina propria and ulceration of colon extending into the submucosa. During remissions of active disease, granulation tissues fill the ulcer craters, accompanied by regeneration of the mucosal epithelium (1, 29) .
Aminosalicylates, corticosteroids, and cyclosporine are all used to induce remissions and prevent relapse of quiescent disease (29) . Despite these medical treatments, UC patients frequently experience relapses and sometimes undergo colectomy. Moreover, recurrent relapses can cause dysplasia of regenerated mucosal epithelium and subsequent progression to frank carcinoma (2, 3). Accordingly, new treatments for UC are needed. A recent clinical trial demonstrated that humanized anti-TNF-α antibody was beneficial for the treatment of moderately to severely active UC patients (30) . However, the pathogenic role of TNF-α in UC remains unclear and is particularly so in UC-associated colon carcinogenesis. Hence, we examined the process of chronic colitis-induced colon carcinogenesis by using mice deficient in TNF-Rp55, a major receptor for TNF-α as well as a TNF antagonist, and demonstrated the critical role of the TNF signaling pathway in colon carcinogenesis.
Greten and colleagues have revealed the crucial involvement of the IκB kinase β/NF-κB (IKKβ/NF-κB) in colon carcinogenesis induced by combined treatment with AOM and DSS (9) . They further demonstrated that depletion of IKKβ in intestinal epithelial cells increased epithelial apoptosis and concomitantly decreased tumor incidence without affecting tumor size and inflammation. All values represent the mean ± SD (n = 10 animals). *P < 0.05, **P < 0.01 versus etanercept-untreated WT mice. (G and H) Quantitative RT-PCR analysis for KC/CXCL1 (G) and MCP-1/CCL2 (H) was performed on total RNAs extracted from the colons at the indicated time intervals as described in Methods. KC/CXCL1 and MCP-1/CCL2 mRNA levels were normalized to the levels of GAPDH mRNA. *P < 0.05, **P < 0.01 versus etanercept untreated WT mice.
In contrast, depleting IKKβ in myeloid cells reduced tumor size and inflammation without affecting apoptosis (9) . However, in our model, epithelial cell apoptosis was transiently increased at day 7 in WT mice, and this increase was absent in TNF-Rp55 -/-mice (Supplemental Figure 2) . Moreover, in the absence of TNF-Rp55, colonic inflammation was reduced as was the tumor incidence and size. Furthermore, both TNF-α and TNF-Rp55 were expressed mainly by infiltrating cells but not epithelial cells. Thus, it is plausible to speculate that endogenously produced TNF-α activated NF-κB in inflammatory cells by interacting with TNF-Rp55 in an autocrine/paracrine manner, and caused extensive colonic inflammation, thereby inducing carcinogenesis in this model.
In most cases of colon carcinogenesis, the earliest event is the loss of the APC gene, resulting in nuclear β-catenin accumulation (31), as we observed in tumor tissues in this study. Carcinoma progression occurs due to chromosomal instability, which results in a stepwise accumulation of mutations in a number of oncogenes and tumor suppressor genes. TNF-α has been proposed to be a potent mutagen based on its capacity to induce the generation of ROS and subsequent genetic instability in various types of cells (32, 33) . This assumption may be further corroborated by the observations that the incidence of chemically induced skin carcinomas was markedly reduced in TNF-α-deficient mice (21) or by the administration of neutralizing antibody to TNF-α (34). Thus, blocking of TNF activities may prevent ROS generation, thereby dampening the initiation of colon carcinogenesis in our model.
The progression to invasive cancer requires the induction of tumor vasculature, termed the angiogenic switch (35) . Given the angiogenic activities of TNF-α (36, 37), blocking of TNF signals may prevent the angiogenic switch as evidenced by reduced tumor neovascularization with etanercept administration. Moreover, several lines of evidence implied that infiltrating macrophages and/or neutrophils had a crucial role in the angiogenic switch (38, 39) . We observed that macrophages and neutrophils infiltrated into tumor tissues, exhibiting enhanced expression of chemokines active for macrophages and neutrophils, and that blocking of TNF signals reduced macrophage and neutrophil infiltration, together with reduced chemokine gene expression and tumor neovascularization. Furthermore, some of these chemokines can also enhance endothelial cell proliferation (40) . Because TNF-α can induce the expression of these chemokines in vitro and in vivo (23, 24) , the TNF-α/TNF receptor axis may regulate the angiogenic switch directly or indirectly by inducing the expression of chemokines, which can induce both the proliferation of endothelial cells and the infiltration of inflammatory cells, another rich source of angiogenic factors.
Epidemiological studies demonstrated that nonsteroidal antiinflammatory drugs (NSAIDs) are effective in reducing the incidence of colon cancer (41, 42) . NSAIDs can inhibit the enzymatic activities of both COX-1 and COX-2, but only COX-2 expression was enhanced in colon carcinoma tissues (43) . Moreover, COX-2 gene ablation or the administration of a selective COX-2 inhibitor suppressed the intestinal polyposis observed in APC-deficient mice (44) . COX-2 converts arachidonic acid to PGH 2 , which is
Figure 7
The effect of etanercept on COX-2 expression and angiogenesis. (A) Quantitative RT-PCR analysis for COX-2 was performed on total RNAs extracted from the colons at the indicated time intervals as described in Methods. The levels of COX-2 mRNA were normalized to the levels of GAPDH mRNA. *P < 0.05 versus untreated (control) mice. (B and C) Immunohistochemical analysis with anti-COX-2 antibody was performed on colons from WT mice as described in Methods. Boxed area in B is shown at higher magnification. Representative results from 5 independent animals are shown in B (original magnification, ×400; ×1,000 [insets]). The numbers of COX-2 expressing cells were determined on 5 independent animals as described in Methods. The mean and SD were calculated on all values and are shown in C. *P < 0.05 versus untreated mice. (D and E) Colon tissues were immunostained with anti-CD31 antibody as described in Methods. Representative results from 5 independent animals are shown in D. Arrows in D indicate capillary vessels. Original magnification, ×400. The vascular densities were determined as described in Methods and are shown in E. All values represent the mean ± SD. *P < 0.05 versus untreated mice.
further converted to other PGs including PGE 2 and thromboxanes (25) . Several lines of evidence implicate PGE 2 as an essential mediator for angiogenesis in colon carcinogenesis (25, (45) (46) (47) . In our model, we also observed that COX-2 mRNA expression was enhanced by DSS ingestion and that COX-2 proteins were detected in F4/80-positive macrophages and Ly-6G-positive neutrophils, similar to what has been observed in human and mouse colon cancer tissues (43, 48, 49) . Moreover, TNF-Rp55 gene ablation and TNF antagonist administration reduced both COX-2 expression and tumor angiogenesis. Thus, TNF may also enhance tumor angiogenesis by inducing the infiltration of COX-2-expressing macrophages and neutrophils.
Accumulating evidence suggests that PGE 2 has direct effects in enhancing colonic epithelial cell survival. PGE 2 transactivated nuclear peroxisome proliferator-activated receptor δ through PI3K/Akt signaling, resulting in promoted cell survival and intestinal adenoma formation (50) . Moreover, PGE 2 transactivated hepatocyte growth factor (HGF) receptor and induced urokinase-type plasminogen activator receptor mRNA, thereby enhancing colon cancer cell invasive capacity (51) . It is of interest that PGE 2 -induced HGF receptor transactivation also induced nuclear translocation of β-catenin (51), suggesting a connection between PGE 2 and the Wnt/β-catenin axis. Supporting this notion, upon binding to its specific receptor, EP2, PGE 2 activated the Wnt/β-catenin axis in colon cancer cells through the phosphoinositide 3-kinase/Akt-G protein α s -axin signaling axis resulting in the promotion of cell growth (26) . Moreover, PGE 2 increased the phosphorylation of GSK-3 and induced the accumulation of β-catenin and the expression of its transcription partner, T cell factor-4, thereby inducing the β-catenin/T cell factor-dependent gene transcription in colon cancer cells (52) . Thus, COX-2-derived PGE 2 can directly regulate colon carcinogenesis by regulating Wnt signaling pathway, which has a crucial role in colon carcinogenesis. We observed, on the other hand, that etanercept consistently reduced COX-2 expression and the amount of nuclear β-catenin as well as neovascularization, even when it was administered after macroscopic tumor formation. Therefore, TNF blocking may retard the progression of colon carcinomas by reducing COX-2 expression and eventually inhibiting the Wnt signaling pathway.
Our present observations have revealed the crucial involvement of TNF-α in the initiation of chronic inflammation-mediated colon carcinogenesis. Moreover, blocking of TNF-α reversed carcinoma progression, even after colon carcinoma was established. TNF-α blocking agents can have serious adverse effects including the induction of bacterial, tuberculosis, and opportunistic infections, but the incidence is low (30, 53) . Thus, drugs targeting TNF-α may be useful for the treatment of cancers, particularly those arising from chronic inflammation.
Methods
Reagents and antibodies. AOM and DSS (MW 36,000-50,000) were purchased from Sigma-Aldrich and MP Biochemicals Inc., respectively. A specific
Figure 8
The effect of etanercept on β-catenin nuclear translocation. (A) Colons were immunostained with anti-β-catenin (upper panels) or anti-cytokeratin 20 antibody (lower panels) and representative results from 5 independent animals are shown. Insets are higher magnifications of the positively stained cells, indicated by arrows. Original magnification, ×400; ×1,000 (insets). (B) The β-catenin nuclear localization ratio was determined as the ratio of the numbers of tumor nuclei with β-catenin localization to the total number of tumor nuclei per field. At least 5 randomly chosen fields at ×400 magnification were examined. All values represent the mean ± SD. **P < 0.01 versus etanercept untreated WT mice. (C) Immunoblotting analysis with anti-β-catenin antibodies was performed on cell lysates from colon tissues as described in Methods. Representative results from 3 independent experiments are shown here. (D) The numbers of cytokeratin 20-positive cells were determined on 5 randomly chosen visual fields at ×400 magnification. All values represent the mean ± SD. **P < 0.01 versus etanercept untreated WT mice.
TNF antagonist, etanercept, was purchased from Wyeth Pharmaceutical Japan. Rat anti-F4/80, rat anti-CD3, and rat anti-DEC205 antibodies were obtained from Serotec. Goat anti-COX-2 antibodies and rabbit anti-myeloperoxidase antibodies were obtained from Santa Cruz Biotechnology and Neomarkers, respectively. Rabbit anti−β-catenin, anti-active β-catenin, and rabbit anti-α/β-tubulin antibodies were from Sigma-Aldrich, Upstate, and Cell Signaling Technology Inc., respectively. Rabbit polyclonal anti-TNFRp55, mouse monoclonal anti-human TNF-α, rabbit polyclonal anti-CD31, and mouse monoclonal antibody to cytokeratin 20 were obtained from Abcam. Rabbit polyclonal anti-TNF-α antibody was prepared by immunizing rabbits with a recombinant mouse TNF-α protein (54) . ImmunoPure peroxidase-conjugated goat anti-mouse and goat anti-rabbit antibodies were obtained from Pierce Biotechnology Inc. Alexa Fluor 546 donkey anti-goat and Alexa Fluor 488 donkey anti-rat antibodies were obtained from Molecular Probes. Other antibodies were obtained from BD Bioscience -Pharmingen unless otherwise indicated.
Animal experiments. Pathogen-free 8-to 12-week old female WT BALB/c mice and TNF-Rp55 -/-mice on a BALB/c genetic background, were housed under specific pathogen-free conditions with free access to food and water during the course of experiments (16, 19, 20) . Mice were injected intraperitoneally with 12 mg/kg body weight of AOM dissolved in physiological saline. Five days later, 2% DSS was given in the drinking water over 5 days, followed by 16 days of regular water. This cycle was repeated a total of 3 times ( Figure 1A ). Body weight was measured every week, and the animals were sacrificed at the indicated time intervals for macroscopical inspection, histological analysis, and total RNA extraction. In some experiments, WT mice were injected with etanercept at a dose of 3 mg/kg body weight every day from day 56 to day 60 ( Figure 6A ). All animal experiments were approved by the Committee on Animal Experimentation of Kanazawa University and performed in compliance with the university's Guidelines for the Care and Use of Laboratory Animals.
Bone marrow chimeric mice generation. Cell suspensions from male WT or TNF-Rp55 -/-bone marrow were prepared from femurs and tibias, filtered, and counted. Female WT or TNF-Rp55 -/-mice received a single intravenous injection of 1 × 10 7 bone marrow cells, after being irradiated with 8.5-Gy followed by 4.25-Gy x-rays (MPR-1520R; Hitachi) 4 hours later. The following groups of chimeric mice were generated: WT to WT, WT to TNF-Rp55 -/-, TNF-Rp55 -/-to WT, and TNF-Rp55 -/-to TNF-Rp55 -/-mice. Genomic DNA was extracted from blood, and bone marrow chimerism was determined 4 weeks later by PCR for the Y chromosome-linked Sry gene (forward, 5′-TGGGACTGGTGACAATTGTC-3′; reverse, 5′-GAGTACAG-GTGTGCAGCTCT-3′).
Histopathological and immunohistochemical analyses of mouse colon tissues. Resected mouse colon tissues were fixed in 10% formalin neutral buffer solution (Wako) for paraffin embedding or were immediately frozen in Tissue-Tek O.C.T. compound (Sakura Fine Technical Co.) and stored at -80°C. Paraffin-embedded sections were cut at 5 μm and stained with hematoxylin and eosin solution. Paraffin-embedded sections were additionally deparaffinized for immunohistochemical detection of cells positively stained for β-catenin, TNF-Rp55, MPO, F4/80, CD3, CD31, or cytokeratin 20. Frozen sections were fixed in 4% paraformaldehyde/PBS for 15 minutes for immunohistochemical detection of cells positively stained for mouse TNF-α, CD4, CD8, or DEC205. Endogenous peroxidase activity was blocked using 3% H2O2 for Immunohistochemical detection of TNF-α in human colon tissues. The tissues were obtained upon biopsy from patients with UC and colorectal cancer with an informed consent and with approval from the Human Subjects Research Ethical Committee of Kanazawa University Hospital. The tissues were fixed and paraffin-embedded and were cut at 5 μm. Paraffin-embedded sections were additionally deparaffinized for immunohistochemical analysis, using the combination of anti-human TNF-α mouse monoclonal antibody and CSA system. TUNEL assay. Paraffin-embedded sections were stained with In situ Apoptosis Detection Kit (TaKaRa Bio Inc.), according to the manufacturer's instructions, to detect apoptotic cells. TUNEL-positive cells were counted on 5 randomly chosen visual fields at ×400 magnification.
Quantitative RT-PCR. Total RNA was extracted from colon tissues with RNA-Bee (Tel-Test Inc.) and 2.5 μg of RNA was reverse-transcribed using ReverTraAce (Toyobo) and random primers as described previously. Realtime PCR was performed on Applied Biosystems StepOne Real-Time PCR System (Applied Biosystems) using the comparative Ct quantitation method. TaqMan Gene Expression Assays (Applied Biosystems) containing specific primers (accession numbers: TNF-α-Mm00443258_m1, KC/ CXCL1-Mm00433859_m1, MCP-1/CCL2-Mm00441242_m1, COX-2-Mm00478374_m1, GAPDH-Mm99999915_g1), TaqMan MGB probe (FAM dye-labeled), and TaqMan Fast Universal PCR Master Mix were used with 10 ng of cDNA to detect and quantify the expression levels of TNF-α, KC/CXCL1, MCP-1/CCL2, and COX-2 in mouse colon tissues. GAPDH was amplified as internal control. Ct values of GAPDH were subtracted from Ct values of the target genes (ΔCt). ΔCt values of treated mice were compared with ΔCt values of untreated animals. Reactions were done at 95°C for 20 seconds followed by 40 cycles of 95°C for 1 second and 60°C for 20 seconds, 60°C, 20 seconds -40 cycles.
DNA sequencing and mutation analysis of β-catenin gene. After sequential treatment with AOM and DSS, WT mice were injected with either vehicle or etanercept every day from day 56 to day 60 ( Figure 6A ). Tumors were obtained at day 67 and embedded in paraffin. Genomic DNA was extracted from paraffin-embedded tumor sections by using NucleoSpin Tissue Kit (Macherey-Nagel Inc.) according to the manufacturer's instructions. Exon 3 of the β-catenin gene, containing the consensus sequence for GSK-3β phosphorylation, was amplified by PCR, using specific primers (forward, 5′-GCTGACCTGATGGAGTTGGA-3′, reverse, 5′-GCTACTTGCTCTTGC-GTGAA-3′) and the following thermal cycling parameters: 94°C, 5 min-utes; followed by 35 cycles at 94°C, 45 seconds, 55°C, 1 minute, and 72°C, 1 minute; followed by 72°C, 5 minutes. PCR products were subcloned into pSTBlue-1 vector (AccepTor vector; Novagen) and sequenced using BigDye Terminator Ver. 3.1 Cycle Sequencing kit (Applied Biosystems) on an ABI PRISM 3100-Avant Genetic Analyzer (Applied Biosystems).
Immunoblotting analysis. Colon tissues were homogenized and sonicated in RIPA lysis buffer (Santa Cruz Biotechnology Inc.), supplemented with protease inhibitors. After centrifugation at 20,000 g for 15 minutes, 30 μg of the supernatants were separated on 10% SDS-polyacrylamide gel and transferred onto an Immobilon-P Transfer membrane (Millipore). After being blocked with 5% skim milk, the membrane was incubated with antibodies to total β-catenin (1:1,000) and active β-catenin (1:500). Rabbit anti-α/ β-tubulin antibody (1:1,000) was used as an internal control. ImmunoPure peroxidase-conjugated anti-mouse or anti-rabbit IgG were used as secondary antibodies. The blotted membrane was then treated with the Super Signal West Dura Extended Duration Substrate (Pierce Biotechnology Inc.) and signals were detected by LAS-3000 mini CCD camera (Fuji Film).
Statistics. The means ± SD were calculated for all parameters determined. Statistical significance was evaluated using 1-way ANOVA, followed by Fisher's protected least significant difference test. P values less than 0.05 were considered statistically significant.
